DNA repair is essential for the maintenance of genetic stability. We undertook sequencing to determine common genetic variants in 70 genes involved in three major repair pathways (base excision repair, nucleotide excision repair and mismatch repair) and in DNA synthesis, and investigated their relationship to lung and head and neck (H-N) cancers. Of the 70 genes examined, 62 were successfully screened (exon coverage .20%) by sequencing exons, parts of introns and flanking regions in 32 DNA samples from healthy Caucasian individuals. The strategy used allowed the detection of almost all variants with a minor allele frequency !5% in the regions sequenced. During single-nucleotide polymorphism (SNP) discovery, 772 sequences were detected in introns or regions flanking the gene and 313 were found in exons (leading to 113 non-synonymous variations) during single-nucleotide polymorphism (SNP) discovery. In total, 695 variants were successfully genotyped in 151 lung cancer cases, 251 H-N cancer cases and 172 hospital controls. Score statistics were used to test differences in haplotype frequencies between cases and controls in an unconditional logistic regression model. To account for multiple testing, we associated to each P-value an estimated proportion of false discoveries. Haplotype analysis revealed potential associations (P , 0.05) between lung cancer and eight genes (MSH3, MLH3, POLK, LIG1, ERCC5, PMS1, POLG2 and RPA3) and between H-N cancer and four genes (PMS1, POLG2, POLR2B and RPA1) with false discovery proportions of 25 and 55%, respectively. The DNA synthesis pathway showed a tendency for more differential SNP allele frequencies between H-N cases and controls than expected by chance (P 5 0.05). These results hint to a few potential candidates for further investigation in larger studies.
Introduction
Worldwide, $1.2 million new cases of lung cancer and 400 000 cases of head and neck (H-N) cancer (oral cavity, larynx and pharynx) are estimated to occur each year (1) . Although most of these cancers are typically caused by smoking, together with excessive alcohol consumption for H-N cancer, inherited factors [e.g. single-nucleotide polymorphisms (SNPs)] could contribute to individual susceptibility to carcinogens. Polymorphisms in DNA repair genes are good candidates for such susceptibility because of their critical role in maintaining genome integrity. Establishing the DNA sequence variants that confer a high cancer risk may allow for identification of high-risk individuals to target prevention efforts.
DNA lesions are constantly produced in our cells either from exogenous origins (such as radiation or chemical carcinogens) or from endogenous sources (such as free radicals). Four main pathways have been developed and maintained during the evolution to remove the DNA lesions according to their chemical structure [base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR) and double-strand break repair]. In the absence of full repair of DNA lesions on genomic DNA, replication can occur leading to DNA synthesis inhibition that may induce cell apoptosis or allow switching to tolerance mechanisms involving specific DNA polymerases with mutagenic translesion synthesis activities.
Numerous studies have investigated associations between different polymorphisms in different DNA repair genes and lung and H-N cancer risks. The genes that have been most studied are ERCC2, OGG1, XRCC1 and XRCC3, and cancer risks have been evaluated by recent meta-analyses (2) (3) (4) (5) . An increased risk of lung cancer was suggested for ERCC2 variants in codons 312 and 751 (5) and for OGG1 variant in codon 326 (3) . In contrast, there were no significant associations between cancer sites and XRCC1 variants in codon 194, 280 and 399 and XRCC3 variant in codon 241 (4, 5) . In general, genetic polymorphisms have been studied one at a time or in pairwise combinations for their potential implication in lung and H-N cancer risks. Because these cancers are probably to result from genetic variation in many DNA repair genes, most of which having small effects, analysis of multiple genetic variants within a gene, even multiple genes within an entire pathway, should be considered in association studies. Variants within a gene occur frequently in particular combinations, or haplotypes, due to extensive linkage disequilibrium (LD). In principle, genotyping of a subset of the variants (haplotype tags) allows to test effects of all the sites with similar haplotype distribution. Haplotypes of SNPs are also potentially important since different combinations of particular alleles in the same gene may have different effects on the protein product or on transcriptional regulation, even in the absence of amino acid changes.
The advent of new genomic tools makes it possible to characterize the full spectrum of genetic variation within genes. In October 2005, the public database dbSNP contained .10 million human SNPs, of which only $5 million had been validated (see http://www.ncbi.nlm. nih.gov/projects/SNP/snp_summary.cgi). Results from several large sequencing efforts for variation discovery on DNA repair genes have been recently reported (6) (7) (8) (9) . In the USA population (6) (7) (8) , sequence analysis was conducted in anonymized DNA samples of 90-102 individuals from the Polymorphism Discovery Resource (Coriell Institute for Medical Research, Camden, NJ). These individuals were selected to represent the major ethnic groups of the population, although the ethnic origin of specific individuals is unknown. Accordingly, potential differences in allele frequencies between ethnic groups cannot be assessed. In the Japanese population (9) , searching for variants in 36 DNA repair genes was performed on DNA from 59 individuals, most of them being cancer patients. Given the assumption that SNPs resulting in protein change are more likely to contribute to disease and the importance of determining allele frequencies for candidate variants prior to selecting them for analysis in a specific ethnic group (10), SNP discovery efforts in coding regions and in diverse populations are therefore still necessary for further progress in association studies on complex diseases.
In the present study, we set out to investigate a total of 70 genes, categorized as involved in the maintenance of genetic stability, using a two-stage approach: (i) SNP discovery by sequencing 32 DNA samples from healthy French Caucasian individuals and (ii) genotyping of sequence variants in 574 subjects enrolled in a French case-control study on lung cancer and on H-N cancer for risk assessment. We have included all genes known at the time of the initiation of the study in the three main pathways BER, NER and MMR, and added also key representative genes involved in DNA replication, translesion synthesis and transcription, called hereafter DNA synthesis pathway.
Materials and methods

SNP discovery
To determine the pattern of genetic variation in the genes studied, we resequenced DNA coding regions including up to 50 bp of introns adjacent to exons covering the splice sites. SNP discovery was performed on a control group of 32 DNA samples from healthy Caucasian individuals (16 pools of two individuals) for all the genes included in the study except three for which SNP discovery was performed on 32 (ERCC1 and ERCC2) or 96 (RAD23A) individual DNAs. The control sample consisted of French Caucasian subjects from the Epidemiological study on the Genetics and Environment of Asthma (11) . Subjects were both male and female individuals without disease history. The minimal sample size of 32 allowed us to detect SNPs with a minor allele frequency (MAF) of at least 5% with a probability of 96%.
Oligonucleotides for polymerase chain reaction and sequencing were designed using the primer3 program (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) in order to amplify 800-1200 bp exon-containing DNA fragments and internal sequencing primers were positioned to cover exons in both forward and reverse directions. The coverage of targeted exonic regions was calculated as the percentage of bases within the exons covered by at least one sequence in SNP discovery. Pooled genomic DNAs (20 ng) were amplified using ExTaq (Takara, Otsu, Japan), followed by purification on Sephadex P100. Polymerase chain reaction products were then used as template for sequencing reactions with BigDye Terminator Cycle Sequencing kit (PE Applied Biosystems, Foster City, CA). Purified sequencing reactions were run on ABI 3700 or 3730Âl DNA analyzers. Sequence analysis, SNP detection and genotype calling were performed using the Genalys software (12) that allows for genotype calls obtained from four chromosomes.
SNP selection and genotyping
For each gene, haplotypes were determined from the genotyping data obtained on the control group of 32 healthy individuals using an ExpectationMaximization algorithm. First, 324 variants were selected to account for all estimated haplotypes with frequencies .5%. These tagSNPs represented a median genetic variation (haplotype diversity) by gene of 83% (range: 43-100%). All of them were retained for further genotyping of the subjects of the case-control study. These markers were supplemented with 488 SNPs from the 70 DNA repair genes taken from HapMap database (release 14), all having a MAF .5% and selected as follows: if any HapMap tagSNP was also genotyped in our control group, such a SNP and all other HapMap tagSNPs in LD (defined by r 2 . 0.80) with it were omitted from the selection process. Genotyping of subjects from the case-control study on lung cancer and H-N cancer (n 5 574) was performed using several procedures: Illumina BeadArray genotyping platform (742 variants) as described (13) , Taqman (10 variants, according to the manufacturer's instructions using 5.0 ng of purified and quantified genomic DNA) or direct sequencing (60 variants). The genotype data were subjected to various quality control procedures. Quality control on Illumina genotype data was verified by including two Centre d'Etude du Polymorphisme Humain control DNAs in duplicate in each DNA plate. These DNA sample plates were all genotyped against two Illumina genotype panels that included all markers analyzed. Genotype concordance data for Centre d'Etude du Polymorphisme Humain duplicate samples were 99.85 and 99.94% within plates and 99.86 and 99.95% between plates for both genotyping panels. We removed (i) variants for which .50% of the genotype data were missing (6 variants); (ii) variants for which the MAF was ,2.5% in the controls (84 variants) or (iii) variants for which there was a significant deviation from the Hardy-Weinberg proportions in the controls [P , 0.05 as assessed by Fisher's exact test (14) , 27 variants] . A total of 695 variants (688 SNPs and 7 insertion/ deletion polymorphisms) were retained in the analysis at the end of these steps.
Case-control study Details on the study set-up and on subject recruitment have been previously reported (15, 16) . Briefly, peripheral blood samples were available for 151 patients with lung cancer, 251 with H-N cancer (including cancers of the oral cavity, larynx and pharynx) and 172 control individuals who fulfilled the criteria described below. Cases were patients with histologically confirmed incident squamous cell carcinoma (or small cell carcinoma for lung cancer). The control group, frequency matched by age, sex and hospital, consisted of consecutive patients without previous or current malignant diseases. The main medical diagnoses in the control population were rheumatological (33%), mainly lumbago and sciatica (71%), infectious and parasitic (10%), respiratory (9%), cardiovascular (8%), digestive (6%) and traumatological diseases (6%), general symptoms (7%) or other categories (21%). All cases and controls were of Caucasian origin and regular smokers, defined as people having smoked at least five cigarettes (or cigars or pipe) per day for .5 years. They underwent an identical interview with a standard questionnaire to collect detailed information on demographic factors, medical history, lifetime tobacco and alcohol use and occupational exposures. The daily consumption of each type of tobacco smoked was expressed in g/day (1 g for cigarette, 2 g for cigar and 3 g for pipe) (17) . The average number of grams of tobacco smoked per day was calculated by dividing the cumulative lifetime tobacco consumption by the overall duration of smoking. Lifetime smoking exposure was also expressed in pack-years of smoking (years smoked times the number of packs of cigarettes/day).
Statistical analysis of case-control study Separate analyses were performed for lung cancer and H-N cancer. For each variant, allele frequencies in cases and controls were compared by Fisher's exact tests. Rather than accepting or rejecting a single hypothesis for each SNP, we estimated the proportion of false positives within a subset of hypotheses where the null hypothesis of no association is unlikely to be true (false discovery rate) (18) . This statistical procedure is appropriate to adjust for multiple testing in large-scale association studies (19) . We used the bootstrap estimation method from Storey et al. (20) to provide for each hypothesis test a q-value, which estimates the minimum false discovery rate that can be attained when all tests with lower or equal P-values are called significant.
For each gene, the Haplo Stats library v1.2.2 for R (21) was used to test for association between haplotypes and cancer risk. We retained the largest haplotype block in which all polymorphisms were in pairwise LD (jD'j.0.85) with each other among controls. The Haplo Stats method is based on a prospective likelihood that depends on haplotype frequencies estimated by an improved Expectation-Maximization algorithm to test the statistical association between haplotype and phenotype when linkage phase is ambiguous. It is based on score statistics and provides both a global test and haplotype-specific tests (22) . The global test with multiple degrees of freedom was performed to test the hypothesis that a difference in haplotype frequencies is seen between lung cancer cases and controls or between H-N cancer cases and controls. We choose this score statistic because haplotype frequencies and subject-specific probabilities are calculated under the null hypothesis of no association, such that there is no issue in pooling cases and controls together. We retained only those genes for which the global test yielded a significant result (P , 0.05) for further interpretation of tests for single haplotype effects. Haplotype-specific odds ratios (ORs) were calculated assuming an additive model and using unconditional logistic regression, controlling for age, pack-years of smoking and daily alcohol consumption where relevant. When the haplotype analyses were also adjusted for sex, this did not alter our results. No imputation procedures were applied in the case of missing data. The most common haplotype among controls was used as the reference in the logistic regression model, and rare haplotypes (frequency ,5% in the pooled case and control set) were combined.
For each pathway analyzed in this study, we performed a permutation test to determine whether there are more SNPs in that pathway whose allelic frequencies are different between cases and controls as compared with what would be expected by chance. We used the one-sided Kolmogorov-Smirnov statistic to test the null hypothesis that the observed P-values come from a distribution that is stochastically less than or equal to the uniform distribution. We randomly permuted 1000 times the labels of cases and controls and recalculated each time a Kolmogorov-Smirnov statistic; the P-value is then equal to the proportion of times this relabeling resulted in a higher Kolmogorov-Smirnov statistic.
Results
SNP discovery
The 70 genes, coding for 88 transcripts, were screened for variants by direct sequencing of exonic and adjacent intronic regions and parts of the flanking sequence (see supplementary Table S1 for summarized  results and Table S2 for detailed information, available at Carcinogenesis Online). All data have been cataloged in the dbSNP database.
The resequenced region spanned a total of 453 533 bp of which 406 066 bp (89.5%) were covered by .80% of SNP discovery samples. No screening could be performed for eight genes (TDG, DDB2, XPA, MSH2, PMS1, PMS2, POLR2J and RFC5). Lack of complete coverage and unsuccessful screening could be attributed to failure in designing polymerase chain reaction or sequencing primers or in optimizing reaction conditions, despite several attempts.
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A total of 1085 sequence variants were detected on the 62 genes successfully screened (coverage of exons .20%). These variants included 1013 SNPs and 72 insertions/deletions. Also, three triallelic SNPs were detected in our sample population. Three hundred and seventy-eight (34.8%) of these variants were not present in dbSNP (build 124), and therefore represent novel polymorphisms. On average, 16.2 polymorphisms were identified per gene and we detected one SNP every 418 bp sequenced. Of the 313 exonic alterations, 24 and 66 were located in the 5# untranslated region (UTR) and 3#UTR, respectively, whereas 232 were found in the coding regions. In the 5#UTR, only one deletion was identified whereas eight insertions/ deletions were detected in the 3#UTR. Within the coding region, 110 SNPs are synonymous and the remaining 113 non-synonymous polymorphisms result in 108 amino acid substitutions, three premature stops and two insertions/deletions of 3 bp. Interestingly, the insertions/deletions located in coding regions result in the insertion/ deletion of an entire codon and therefore do not give rise to frameshift mutations. The 772 non-exonic polymorphisms include 61 insertions/ deletions.
While we concentrated our resequencing effort on exon-containing regions, the proportion of SNPs detected in exons was not different in the 378 newly discovered polymorphism dataset compared with the complementary variant dataset of 707 SNPs that were in dbSNP build 124 (29 versus 29%, chi-squared test: P 5 0.94). For SNPs detected in exons, the proportion of non-synonymous variants identified was similar in the respective datasets (38.9 versus 34.6%, P 5 0.46). According to expectations, newly discovered SNPs were mainly rare variants, 78.4% with MAF ,5% compared with 22.2% of SNPs also in dbSNP (P , 0.001). We also detected more insertions/deletions (13 versus 3%, P , 0.001) in our newly discovered polymorphism dataset.
Case-control study on lung cancer and on H-N cancer Subjects. Of the 151 lung cancer cases, 99 (65%) had squamous cell carcinoma and 52 (35%) had small cell carcinoma. The main characteristics of the study population are presented in Table I . The mean age was slightly higher for lung cancer cases than for H-N cancer cases and controls. About 95% of cases and controls were men. The average number of pack-years of smoking was significantly higher in cases than in controls. H-N cancer cases had greater daily consumption of alcohol than controls.
Genotyping data. Genotype data on 695 variants were incorporated into the analysis after quality control. One gene, POLA, contained no variants after filtering. The average number of variants per gene was 10 [range (0-34)]. In the control population, 73% of the 695 variants had a MAF .10%.
Association with cancer risk. Allele frequencies in each cancer group were compared with those in controls for each of the 695 variants (supplementary Table S3 is available at Carcinogenesis Online). In the lung case-control analysis, a univariate P-value , 0.05 was found for 46 SNPs within 20 genes belonging to the four pathways (three genes in BER, four genes in NER and in MMR and nine genes in DNA replication, translesion synthesis and transcription) ( Table II) . The estimated proportion of false discoveries (q-value) among these 46 SNPs was 72%. Of those 46 SNPs, six (13%) were within the exonic flanking region, two (4%) were within the UTR, 35 (76%) were within the introns and three (7%) were within the exons: one synonymous SNP in the exon 3 of the RECQL4 gene, A . G Glu44Glu (rs2306386), and two non-synonymous SNPs, one in the exon 1 of the POLG2 gene, G . A Ser56Asn (rs1427463) and one in the exon 2 of the MLH3 gene, C . T Pro844Leu (rs175080) (supplementary Table S2 is available at Carcinogenesis Online). For the H-N casecontrol analysis, a putative difference in allele frequencies was observed between cases and controls for 29 SNPs within 13 genes (univariate P , 0.05 for three genes in BER and in MMR, one gene in NER and six genes in DNA replication, translesion synthesis and transcription) (Table III) . Eighty-six percent of these SNPs were estimated to be false positives (q-value). Eight of the 29 SNPs (28%) were in the exonic flanking region, one (3%) was in the UTR, 19 (66%) were in the introns and one (3%) was in the exon; this latter SNP (rs13436, rs3182008) within the exon 26 of the LIG1 gene does not result in amino acid change (G . C, Ala814Ala) (see supplementary Table S2 for SNPs location, available at Carcinogenesis Online). Four putative SNPs, belonging to the genes LIG1, MSH3, PMS2 and MGMT, were common to both cancer sites.
Haplotype associations with cancer risk. For nine genes, no haplotype analysis could be performed for the following reasons: for five genes, only one SNP was kept after filtration (DDB1, POLD4, POL-R2I, POLR2J and POLR2L); for three genes, we found only one haplotype with an estimated frequency .5% (POLB, POLR2G and POLR2H) and for the RFC2 gene, the two retained SNPs were not in LD among controls (D# 5 0.32).
For the remaining genes, we calculated a global score statistic to test the hypothesis that of a difference in haplotype frequencies between cancer cases and controls for the largest haplotype block within that gene while adjusting for the covariates.
For the lung case-control analysis, eight genes (MSH3, MLH3, POLK, LIG1, ERCC5, PMS1, POLG2 and RPA3) showed a global P-value , 0.05 with an associated q-value or expected proportion of false discoveries equal to 25%. The haplotypes for these eight genes are provided in Table IV together with their estimated frequencies and haplotype-specific ORs, both unadjusted and adjusted for the covariates. We found a potentially decreased risk for lung cancer associated with one haplotype of the MSH3 gene For the four other genes ERCC5, PMS1, POLG2 and RPA3, it was the contrast between the pool of rare haplotypes and the most frequent haplotype that might be associated with lung cancer risk (Table IV) . Lung case-control analysis For the H-N case-control analysis, four genes (PMS1, POLG2, POLR2B and RPA1) showed a global P-value , 0.05 with an associated q-value or expected proportion of false discoveries of 55%. A significant increased risk of H-N cancer was associated with one haplotype of the RPA1 gene (haplotype 2, OR 5 1.60, 95% CI 5 1.02-2.47). An increase in cancer risk, although not significant, was also observed for one haplotype of the POLR2B gene (haplotype 2, OR 5 1.44, 95% CI 5 0.94-2.20). For the two genes PMS1 and POLG2, it was the contrast between the pool of rare haplotypes and the most frequent haplotype that might be significantly associated with the risk for H-N cancer (Table IV) .
Pathway associations with cancer risk. None of the pathways showed a significantly higher number of SNPs with differential allele frequencies between lung cancer cases and controls as compared with what would be expected by chance (BER: P 5 0.67, NER: P 5 0.40, MMR: P 5 0.45 and DNA synthesis: P 5 0.35). As for H-N cancers, the so-called DNA synthesis pathway showed a tendency of having more polymorphisms with differential frequencies between cases and controls that what would be expected by chance (P 5 0.05), whereas for the other pathways the P-values were clearly non-significant (BER: P 5 0.24, NER: P 5 0.17 and MMR: P 5 0.11).
Discussion
Many of the DNA repair genes screened in our study were previouslyor are currently-analyzed for SNP discovery (6) (7) (8) (9) . The main sequencing efforts were conducted in an anonymous panel of individuals representative of the ethnic diversity of the USA population (6, 8) . The frequency of sequence variations in ethnic subpopulations could therefore not be assessed and the stratified nature of the panel can have effects on both the haplotype diversity and patterns of LD (6) . Our study provides an important pattern of DNA repair genetic variation in an homogenous healthy French Caucasian population. This catalog could serve as a resource for future association studies.
As a first step of the present study, we undertook a SNP discovery project for genes involved in the maintenance of genetic stability by resequencing a panel of 32 Caucasian individuals. We expected to have detected the large majority of frequent variants in the sequenced regions given that we had a 96% chance for the detection of SNPs with a MAF !5% in this panel. We complemented our SNP panel with validated markers from HapMap to provide additional coverage of the genetic variation within these genes.
The use of hospital controls might be a limitation in case-control studies, especially in the case of associations between genotypes and the diseases. To circumvent this potential problem, we only included subjects with various non-malignant diseases. In addition, the MAFs observed in our control population were compared with those found in the independent sample of healthy subjects used for SNP discovery. A strong correlation was observed between the MAFs of the genotypes for 422 SNPs available in both populations (correlation coefficient R 5 0.92, P , 0.0001). Also, for several polymorphisms in DNA repair genes, the variant allele frequencies observed in our hospital control population were within the range of previously published frequencies in European populations. For example, we found variant allele frequencies for the XRCC1-Arg194Trp (rs1799782) and XRCC1-Arg399Gln (rs25487) polymorphisms of 0.07 and 0.35, respectively. These figures are very consistent with those reported for the Trp allele in a large-scale study in Europe and in another study in France (0.07) (3, 23) , as well as for the Gln allele in Europe (0.35) (3), Italy (0.34) (24), France (0.36) (23) and Germany (0.39) (25) .
We applied both univariate analyses of SNPs and haplotype analyses to determine whether sequence variations were associated with cancer. The univariate analysis yielded 46 SNPs with P , 0.05 for the lung case-control study and 29 SNPs with P , 0.05 for the H-N casecontrol study but came with high estimated proportions of false discoveries: q-values 72 and 86%, respectively. In the haplotype analyses, the estimated proportions of false discoveries were substantially Reference category determined by the haplotype with the highest frequency (total of cases and controls).
DNA repair gene polymorphisms and smoking-related cancers lower: a q-value of 25% for the eight genes with a global P , 0.05 for the association with lung cancer and a q-value of 55% for the four genes with a global P , 0.05 for the association with H-N cancer. Therefore, we focus below on the potential association to haplotypes. All the genes retained by the haplotype analysis also contained single variant sites meeting the P , 0.05 criterion for potential association. Among the four categories of genes analyzed, three pathways (BER, MMR and NER) are involved in the repair of DNA damage produced directly or indirectly from carcinogens associated with lung cancer (mainly cigarette smoking) and H-N cancer (mainly cigarette smoking and alcohol consumption). For both BER and NER, only one of the respective 10 and 14 genes was found to have a haplotype that was potentially associated with lung cancer. First, LIG1, or DNA ligase 1, is a crucial enzyme, necessary not only for BER but also during MMR, NER, DSB repair and normal DNA replication, and it has previously been reported to be associated with cancer (26) (27) (28) . Second, ERCC5, which encodes a 3#-endonuclease enzyme, was found to have a haplotype that was potentially associated with lung cancer. Rare mutations with ERCC5 are causative of DNA repairdeficient diseases, abnormal apoptosis and a high level of cancers (29, 30) . Four ERCC5 polymorphisms have so far been investigated for their potential implication in cancer risk. Most studies on lung cancer focused on the D1104H polymorphism (rs17655) and did not provide consistent results (9, (31) (32) (33) .
MMR is a pathway that is necessary for correction of the errors made during normal DNA replication by the replicative DNA polymerases (34) . It is also involved in the recognition and perhaps the repair of certain mispaired nucleotides at DNA lesions, such those produced by cigarette smoking (35, 36) . Among the seven major genes involved in MMR that were tested here, three (MLH3, MSH3 and PMS1) exhibited haplotypes that are potentially associated with lung cancer and PSM1 was also potentially associated with H-N cancer. The PMS1 protein interacts with MLH1 to form a complex acting as a matchmaker to signal mismatch recognition to downstream repair enzymes and acts as a key player in this mutation avoidance pathway (37) . The fact that the PMS1 gene might be associated with the two cancer types, as well the putative association of two other MMR enzymes with one of the two cancer types, is compatible with the major role of this pathway in modulating the risk of cancer in humans (38) . However, to our knowledge, no data on PMS1 gene polymorphisms have been published in relation to lung and H-N cancers. For the MLH3 and MSH3 genes, one study by Sakiyama et al. (9) on lung cancer suggested different allele distributions between adenocarcinoma cases and controls for the MLH3 P844L (rs175080) polymorphism and no association for the MSH3 A1036T (rs26279) polymorphism.
The last group of genes corresponds to several pathways implicating normal DNA replication, error-prone translesion synthesis and basal transcription. Among the 39 genes, two DNA polymerases [the translesion POLK DNA polymerase and POLG2, subunit 2 of the mitochondrial DNA (mtDNA) polymerase] and one of the subunits of the major single-stranded binding complex (RPA3) that is necessary for both DNA repair and replication provided suggestive evidence of association with lung cancer. From those, POLG2 was one of the two genes that showed potential haplotype association with H-N, together with RPA1 (another subunit of the single-strand binding complex replication protein A). POLG2 encodes a 55 kDa protein that interacts with the catalytic activity of the DNA polymerase gamma necessary for replication and repair of mtDNA (39) and is, therefore, involved in the maintenance of mtDNA stability and integrity. Mutations in mtDNA can give rise to several diseases including cancers (40) . Replication protein A is a heterotrimeric, single-stranded DNAbinding protein. Replication protein A is conserved in all eukaryotes and is essential for DNA replication, DNA repair, recombination and for modulating the MMR activity (41) . Genetic polymorphisms in these genes could therefore be highly relevant in the development of smoking-related cancers. It was only the DNA synthesis pathway that revealed a tendency to have more differential allelic frequencies between H-N cancers and controls than expected by chance in the pathway by pathway analysis (P 5 0.05).
In conclusion, these results suggest that the MMR and the DNA synthesis pathways might play an important role in the studied cancers. MMR pathway contributes to tumor suppression by reducing mutations and promoting apoptosis in response to some DNA damage (34) . This process is known to correct DNA errors made during normal DNA replication (42) and is able to recognize some bulky adducts mispaired with bases during the translesion synthesis. Different activities of these genes, as could result from SNP variations, may modify the level of repair and the level of error-prone translesion synthesis leading again to higher rates of mutations and therefore of cancer risks.
In most cases, the SNPs we have identified with putative different allele frequencies between case and control populations do not automatically imply changes in the corresponding protein structures or gene expression. However, it is likely that many causal variants will be non-coding (43) . If our typed variants do not directly influence cancer susceptibility, second variants in LD with the first might do so. We found moderate estimated relative risks of cancer associated with a specific haplotype for some of the DNA repair genes with high values of expected false discovery rates. This might be related to the small sample size of our study, it is expected that causal variants for complex diseases might have rather small effects and that large studies are needed to detect them (44) . Replication of these preliminary results in larger case-control studies will be essential.
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